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Environmental Science Nano rsc.li/es-nano context, we investigated aggregation and dissolution dynamics of citrate stabilized silver 23 nanoparticles (Ag NP) by varying the composition of three TM (ASTM, SAM-5S, and R2A 24 used during bioassays with Daphnia magna, Gammarus fossarum, and bacteria respectively) 25
in the presence and absence of two types of natural organic matter (NOM), namely Suwanee 26
River humic acid (SRHA) and seaweed extract (SW). Each original TM induced reaction-27
limited aggregation of Ag NP, and aggregation increased from R2A to SAM-5S and ASTM. 28
In addition to the differences in aggregation dynamics, the concentration and speciation of 29 Ag(I) differed between the three TM, whereby SAM-5S and ASTM are comparable with 30 respect to the nature of the aggregation process, but clearly differ from the R2A medium. . These observations and the 36 dependence of aggregation rates on the particle concentration renders interpretation of dose-37 response relationships challenging, but they may open perspectives for targeted 38 ecotoxicological testing by modifications of TM composition. 39
Introduction

52
Assessing the potential environmental impact of engineered nanoparticles (NP) frequently 53 involves the use of well-defined test media (TM), their composition has been carefully 54 adapted towards the specific needs of the test organisms of interest. The different ionic and 55 molecular backgrounds of the multitude of applied TM necessarily lead to a variety of NP 56 transformations based on aggregation (in order to cover strongly as well as weakly bound NP 57 clusters expected in TM, we use only the term "aggregation" regardless of the type of particle 58 clusters), coating by TM constituents and interactions with organic matter (OM). Such 59 transformations may affect the ecotoxicological potential of NP 1 and thus lead to TM-60 dependent biological responses. This may -at least partly -explain discrepancies of 61 4 ecotoxicological effect thresholds among studies. Despite this relevance, only limited 62 information is available on potential NP transformations in TM up to now. 63
It is known that the typically high ionic strength in TM promotes aggregation of silver, 2-5 64 gold, 6 titanium dioxide, 1, 7-9 zinc oxide, 7, 10 and cerium dioxide 11 NP. Also, general impacts of 65 individual TM constituents and additives (e.g., halides, 12-16 multivalent cations, [17] [18] [19] [20] 66 suspended minerals, 21 natural organic matter (NOM) 21, 22 ) on NP transformations are well-67 known from lab studies in well-defined systems. Also, some studies specifically focused on 68 the role of individual TM constituents or additives in complex systems: Nur et al. 9 observed 69 that titanium dioxide NP aggregated according to the classical Derjaguin-Landau-Verwey-70
Overbeek (DLVO) theory despite the complex chemical composition of the test media. The 71 critical coagulation concentration (CCC) of TM for titanium dioxide NP as determined by 72 diluting the TM, varied between 18 and 54%, 9 which indicates that aggregation of these NP 73 in the original (100%) TM is diffusion-limited. The dilution of TM in order to obtain stable 74
Ag NP dispersions was also applied in other studies and suggested that dilution by a factor of 75 10, would reduce aggregation sufficiently for the tests.
2-4 Tejamaya et al. 4 reported increased 76 shape and dissolution changes for citrate coated Ag NP after replacement of Cl -by SO 4 2-and 77 NO 3 -. Horst et al. 8 observed stabilizing effect of humic acid (HA) on titanium dioxide NP in 78 TM. Besides these findings, it is still largely unknown, which of the generally known 79 fundamental colloidal processes dominate NP transformation in which TM, to which extent 80 the NP status varies among TM, and which aggregation mechanisms are relevant under which 81
conditions. This knowledge is of high importance as the type of aggregation mechanism will 82 influence among others, how strongly the NP status is governed by NP concentration and 83 how the type of coating and the tendency for dissolution are expect to affect the 84 ecotoxicological potential of NPs. 85 From systems containing a lower variety of constituents than most TM, it is known that 86 besides the ionic strength, the type of cations and anions is important for the aggregation of 87 NP. Divalent cations show higher efficiency to induce aggregation than monovalent 88 cations. [17] [18] [19] [20] 
124
On the example of silver nanoparticles (Ag NP), which are widely used in consumer 125 products, the central aim of this study was to elucidate how and to which extent individual 126 TM constituents trigger specific NP transformations and which mechanisms are responsible 127 for these processes. In particular, we tested the following hypotheses: i) Aggregation of Ag 128 NP in TM without NOM and other organic compounds is described by classical DLVO 129 theory and it is predominantly determined by the concentration of Ca .
ii) 
Materials and methods
146
Deionized water (resistivity: 18.2 MΩ·cm, Direct-Q UV, Millipore) was used for sample 147 preparation in all experiments. 148
Silver Nanoparticles 149
Ag NP (30 nm and 100 nm) were synthesized by a citrate reduction method modified from 150 Turkevich et al. 38 (for details see SI). Hydrodynamic diameter of Ag NP was measured via 151 dynamic light scattering (DLS) at a scattering angle of 165° and zeta potential was 152 determined via electrophoretic light scattering technique and was calculated using the 153
Smoluchowski equation
39 (both using Delsa Nano C, Beckman Coulter). In the aggregation 154 experiments the zeta potential was measured 5 min after adding Ag NP to TM. Due to the 155 8 relatively low sensitivity of the electrophoretic light scattering at reduced particle number 156 concentrations, which is expected in response to the aggregation over time, the zeta potential 157 was not measured for longer exposure durations. Nanoparticles were additionally 158 characterized by transmission electron microscopy (TEM; LEO 922 Omega, ZEISS) after 159 nebulization of the suspensions using an ultrasonic generator onto a 3 mm copper grid 160 covered with a combined holey and ultrathin (about 3 nm) carbon film (Ted Pella, Inc.). 161
Preparation of TM 162
ASTM medium (used during bioassays with Daphnia magna) 40, 41 , SAM-5S medium (used 163 during bioassays with Gammarus fossarum) 42 , and R2A medium (used during cultivation of 164 bacteria and conducting of biofilm bioassays) were prepared as outlined in 
182
In order to measure the concentration of metals in R2A medium, potentially originating from 183 Na-Pyruvat, but also from other individual organic compounds, the solutions of each 184 individual organic compound were prepared at same concentration as used in R2A medium. 185
Metal concentration was measured in unfiltered and with 3 kDa membrane (Amicon Ultra-15 186 centrifugal filter device, Merck Millipore) filtered solutions by inductively coupled plasma 187 optical emission spectrometer (ICP-OES, 720, Agilent Technologies). 188
Ag
+ Release 189
Due to higher specific surface and expected higher dissolution rate, Ag Ag NP stock dispersion was also determined. 207
Model calculations for Ag(I) species 208
In order to be able to compare our results with information about distribution of 209 thermodynamically expected Ag(I) species in TM, the speciation calculation was done for 210
Ag <2nm concentrations detected in Ag + release experiments with 1 d shaking duration using 211
Visual MINTEQ software version 3.0. 48 The calculations were performed based on the 212 assumption that the fraction Ag <2nm in ultracentrifuged samples solely represents dissolved 213 Ag(I) species. Ag(I) speciation was calculated for a CO 2 equilibrium between air and aqueous 214 phase. The input parameters used in the model calculations are presented in Table S9 . 215
Long Term Aggregation 216
Long-term aggregation was investigated for 30 nm and 100 nm Ag NP in all TM in the 217 absence and presence of the respective NOM. Therefore, Ag NP stock dispersion was added 218 to the TM directly in the size measurement cuvette (total sample volume: 3 mL; Ag NP 219 concentration 2 mg L -1 ). The pH values are listed in Table S5 and were not significantly 220 influenced by NOM and Ag NP. Samples were manually shaken for 2-3 s. Z-average 221 hydrodynamic diameter was measured for first 60 min every 42 s as well as after 1 d and 7 d 222 covering the typical duration of some toxicity tests, for example, those performed with 223
Gammarus fossarum.
41, 49 As a control, particle size of Ag NP was measured in deionized 224 water at the same particle concentration over the same test duration. All experiments were 225 performed in duplicates. 226
Early Stage Aggregation Kinetics 227
Early Table  237 S5. All experiments were duplicated. (manufacturer and purity see in Table S1 ) CaCl 2 (manufacturer and purity see in 
Evaluation of Aggregation Kinetics 262
The aggregation rate constant, k, is proportional to the initial change in the hydrodynamic 263 diameter of the nanoparticles, D NP , with time and inversely proportional to the initial particle 264 concentration N 0 in the early aggregation stage:
(dD NP (t)/dt) t→0 was determined by linear regression 17, 18 for the first 180 s. 267
13
The attachment efficiency, α, was calculated by normalizing the aggregation rate constant of 268 interest to the aggregation rate constant obtained for the diffusion limited aggregation regime 269
W is the stability ratio and k fast is independent of the electrolyte concentration.
17, 18 The value 272 of k fast was obtained as a mean value of the aggregation rate constants at cation concentrations 273 where no significant concentration dependency of aggregation rate constants was observed 274 any more. Thus, for nanoparticles aggregating due to classical DLVO interactions 50, 51 (e.g., 275
in the absence of NOM) α will increase from zero to one. α < 1 indicates reaction-limited 276 aggregation, while α = 1 indicates diffusion-limitation. α in the presence of NOM was 277 calculated by normalizing k in the presence of NOM to k fast in the absence of NOM. α > 1 278 indicates additional aggregation mechanisms (e.g., interparticle bridging). 25 The CCC was 279 determined from the intersection of linear fitting functions of α under reaction and diffusion 280 limited regimes in double-logarithmic scale. 25 
281
Results and discussion
282
Ag NP Characteristics 283
Ag NP were predominantly spherical; 20% (30 nm Ag NP) and 7% (100 nm Ag NP) was 284 present as rods and triangles ( Figure S1 ). DLS indicated a z-average hydrodynamic diameter 285 of 31.2 ± 1.2 nm and 107.3 ± 1.9 nm and a polydispersity index of 0.37 ± 0.03 and 0.18 ± 286 0.03 (mean ± standard deviation, n = 3) for the 30 nm and 100 nm Ag NP, respectively. Since 287 the number weighting shifts much stronger the particle size distribution to the small particle 288 sizes than volume weighting, 52 the volume weighted median particle diameter was calculated 289 from TEM data in order to validate DLS results. The volume weighted median particle 290 diameter obtained from TEM images under the assumption that all particles are spherical was 291 67 nm (30 nm Ag NP) and 95 nm (100 nm Ag NP). The differences of size obtained by DLS 292
and TEM especially for 30 nm Ag NP is due to size and shape polydispersity which may 293 have induced a systematic error in the determination of the average hydrodynamic diameter 294 by DLS. 53, 54 Also the presence of non-spherically-shaped NPs as observed by TEM may 295 have introduced some uncertainties during the data evaluation due to assumption of spherical 296 shape for all particles. More detailed information on the particle size distribution of 30 nm Ag 297 NP can be found in Metreveli et al.. 23 The Ag NP revealed zeta potentials of -59.4 ± 1.6 mV 298 and -58.9 ± 0.5 mV (mean ± standard deviation, n = 3) for 30 nm and 100 nm Ag NP, 299 respectively. The highly negative zeta potential underlines the high stability (>1 year) of both 300
Ag NP dispersions. 301
Ag
+ Release 302
In all experiments, the concentration of Ag <2nm was higher than the initial Ag <2nm 303 concentration (1.1 ± 0.5 µg L -1 ; Figure 1 ) and differed among the TM, which suggests 304 significant and TM-dependent dissolution of Ag NP. In the absence of NOM, 5.2%, 0.5% and 305 0.1% of the initially spiked 2 mg L -1 total silver was released in ASTM, SAM-5S and R2A, 306 respectively, resulting in Ag <2nm concentrations after one day from 3.9 ± 2.2 µg L -1 (R2A) to 307 61 In 344 contrast to ASTM and SAM-5S, no decrease in the concentration of Ag <2nm was observed in 345 R2A after 7 d, which can be attributed to the absence of halide ions or to the above-346 mentioned protecting effect of sorbed proteins and their fragments. 
354
The presence of NOM decreased Ag <2nm concentration in ASTM and SAM-5S. than in the other media. The latter is supported by the smallest Ag NP sizes and complete 364 stabilization found in R2A relative to ASTM and SAM-5S (Figure 2) . Thus, dissolution of 365 Ag NP in TM seems to be controlled by the interplay of protecting mechanisms reducing the 366 reactivity of the Ag NP surface and stabilizing effects of NOM increasing the specific surface 367 area of the Ag NP. The higher release of silver from Ag NP in all media by a factor of up to 368 2-100 compared to the original NP dispersions (Figure 1 ) underlines the relevance of this 369 process during ecotoxicological tests, especially in the light of the substantial toxicity 370 induced by Ag + . 29 The interplay between protecting and dissolution-supporting effects of 371 organic constituents of the TM as well as NOM additives needs, however, more attention to 372 uncover the underlying chemical processes and mechanisms. 373
Long Term (≤7 d) Aggregation of Ag NP 374
In the absence of NOM, aggregation was observed in all TM, but not in deionized water 375 (Figure 2 and Figure S2) . Generally, aggregation rates of the 100 nm Ag NP were lower than 376 those for 30 nm Ag NP. This difference may result from the lower initial particle number 377 concentration and lower collision probability of 100 nm Ag NP compared to 30 nm Ag NP, 378 but also differences in specific surfaces and thus NP reactivity towards aggregation cannot be 379
excluded. This will be discussed on the basis of quantitative assessment of aggregation rates 380 in the next chapter. 381
In the absence of NOM, Ag NP aggregation increased in the order: R2A < SAM-5S < ASTM 382 during the first day, whereas after seven days, Ag NP in SAM-5S showed a slightly higher 383 hydrodynamic diameter than in ASTM. Nonetheless, these differences should be interpreted 384 with care, since DLS analyses are biased in the presence of large aggregates. In ASTM and 385 SAM-5S, the hydrodynamic diameter of both Ag NP increased within the first day to 686-386 1025 nm and 460-1089 nm, respectively. In R2A the 30 nm NP aggregated only within the 387 first minutes to 65 nm and then remained nearly constant, whereas the aggregation of 100 nm 388
Ag NP was much slower and aggregate size increased slightly up to 185 nm within one day 389 of exposure time (Figure 2e and 2f, Figure S2e and S2f). This effect can be explained again 390 by the lower initial particle number concentration and lower collision probability of 100 nm 391
Ag NP compared to 30 nm Ag NP. 
400
Aggregation of Ag NP was consistent with the colloidal stability that can be expected from 401 the zeta potential, which was most negative in the R2A medium although its absolute value 402 was substantially reduced in all TM compared to deionized water (Figure 2g and 2h) . The 403 latter is a direct consequence of electrical double layer compression at high ionic strength (> 404
).
50, 51 Considering the respective ionic backgrounds in the different TM (Table S4 ) 405 and the stability tendencies (Figure 2) , it is clear that additional processes are involved in the 406 stabilization of Ag NP. The medium R2A, which generated the most stable suspensions, 407 contains among others the surfactant Tween-80. Tween-80 is known to readily adsorb onto 408 the NP surface and stabilize NP 60 -a process potentially of high relevance for the present 409 study. Furthermore, the stabilizing effect of the proteins 65 which are also present in the R2A 410 medium, cannot be excluded. 411 NOM generally increased stability of Ag NP in all TM and at all points of time except for 412 SRHA in ASTM in combination with 100 nm Ag NP after 7 days (Figure 2, Figure S2) . 413
These observations support the general expectation of electrosteric NP stabilization by 414
NOM.
32-34 For exposure times exceeding one day SW served more efficiently as stabilizing 415 agent relative to SRHA (Figure 2a and 2b) , while for shorter exposure times, the stabilization 416 by SRHA was slightly stronger or similar to SW. This could be explained by different 417 adsorption kinetics of SRHA and SW to Ag NP or different aggregation mechanisms, which 418 are further outlined below. However, neither SRHA nor SW completely prevented the Ag NP 419 in ASTM and SAM-5S from aggregation as the hydrodynamic diameter continuously 420 increased during the seven days (Figure 2c and 2d) . In contrast to this, the addition of SRHA 421 to R2A even completely prevented aggregation after one minute (Figure 2e and 2f, Figure  422 S2e and S2f) likely due to overlay of stabilizing effects of SRHA and surfactant Tween-80. 423
Another interesting finding is that the zeta potential became slightly more negative after 424 addition of NOM in ASTM and R2A, but not in SAM-5S (Figure 2g and 2h) . Although 425 small, the differences range between 3-5 mV and are statistically significant. It can, thus, not 426 be excluded that these differences reflect changes in NP surface charge. Thus, NOM alone 427
was not able to modify the zeta potential in the presence of inorganic constituents (SAM-5S), 428 but it may have been able to increase its absolute value in the presence of additional organic 429 compounds (R2A and ASTM). Although the final explanation requires more detailed 430 investigations, the results suggest an interplay between NOM and further organic compounds 431 present in ASTM and R2A or solid phase AgCl(s) precipitates, which were most likely 432 present on the surface of Ag NP in SAM-5S (see also discussion below). 433
If verified by further experiments, these findings demonstrate how the interplay between 434
organic compounds and cations and its time dependence can affect dynamics in Ag NP 435 stability. Therefore, using Ag NP pre-aged in TM likely results in different ecotoxicological 436 effects relative to those used immediately after preparation, which was demonstrated for 437 titanium dioxide NP in ASTM medium. 1 
438
Early Stage Aggregation Kinetics of Ag NP 439
The influence of particle number concentration on the initial aggregation rates of 30 nm and 440 100 nm Ag NP in ASTM is presented in Figure 3 on the basis of original aggregation data 441 shown in Figure S3 . The initial aggregation rates increased with increasing particle number 442 concentration from 2.3 nm min -1 (100 nm Ag NP) to 38 nm min -1 (30 nm Ag NP), and within 443 the limits of data scattering, this dependence can be described with one linear function, 444 suggesting comparable aggregation mechanisms for both particle sizes. Thus, no significant 445 impacts of additional effects, such as specific surface or surface reactivity of the NP, are 446 evident from our data. The lower initial aggregation rates of 100 nm NP compared to 30 nm 447 NP can, thus, be explained by the lower particle number concentration and thus the lower 448 collision probability. The linear relationship between initial aggregation rate and particle 449 concentration is also in a good agreement with the classical DLVO theory. A similar linear 450 increase of the initial aggregation rate with increasing particle number concentration was also 451 observed for 30 nm Ag NP in Mg 2+ -free R2A medium ( Figure S4 ). 452 453 
461
(Ca 2+ in ASTM) to 2.3 ± 0.1 mmol L -1 (Mg 2+ in SAM-5S) and were by a factor of up to 1.2 462 higher for Mg 2+ than for Ca 2+ and by a factor of 1.2-1.4 higher for SAM-5S than for ASTM 463 (Table 1) . 464
The slightly lower CCC and consequently, the higher efficiency of Ca 2+ 
490
56 Although biotin concentration in ASTM is much lower than these values, it cannot be 491 excluded that such polymeric complexes are also formed on the Ag NP surface and support 492 particle aggregation in ASTM. In order to test this hypothesis, we measured the initial 493 aggregation rates of 30 nm Ag NP in modified ASTM medium in the absence and presence of 494 The results of these calculations showed that 62.2% and 97.6% of the 516 released silver was present as solid phase AgCl(s) and AgBr(s) respectively (Table S10) . 517
However, solid AgCl(s) precipitates or the presence of AgCl(s) colloids cannot easily explain 518 a higher stability of Ag NP in the TM. On the other side, zeta potentials of Ag NP measured 519 in ASTM medium modified with CaCl 2 or CaBr 2 were slightly more negative than in ASTM 520 medium with Ca(NO 3 ) 2 (Figure 5b ). Although these differences range only between 3 and 6 521 14 determined smaller CCC for citrate coated Ag NP in NaCl 532 than in Na 2 SO 4 and NaNO 3 electrolyte by UV-Vis measurements and explained this effect by 533 increasing aggregation due to the possible bridging mechanisms by solid phase AgCl(s). In 534 the presence of divalent cations (i.e., Ca 2+ and Mg 2+ ) the influence of anions was less distinct, 535 especially for the experiments using UV-Vis method for the detection of the CCC of Ca 2+ and 536
Mg
2+
. The CCC determined by DLS was slightly higher for CaCl 2 than for CaSO 4 
555
Despite the high long-term stability of Ag NP in R2A (Figure 2) , which is most probably due 556 to the presence of surfactants, it is important to mention that CCC of Mg 2+
557
(1.7 ± 0.2 mmol L -1 ) in R2A was even lower than in ASTM and SAM-5S in the absence of 558 NOM (Table 1) -free R2A at different Ag NP (30 nm) concentration showed that particle size remained 581 constant within 10 min, but it increased with increasing NP concentration ( Figure S4 ), such 582 that even the initial increase in hydrodynamic diameter must be at least partly due to 583 aggregation, which is in contrast to the assumption of the sole relevance of the protein 584 corona. Which mechanisms induce the initial aggregation and whether or not the protein 585 corona is also effective (or becomes effective only slowly, preventing further aggregation 586 after some minutes), should be investigated in further detail by assessing the development 587 and architecture of OM coatings in media with complex composition. 588 589 
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Summarizing the findings of this study, TM-specific changes in Ag NP aging and 650 aggregation state as well as in the concentration and speciation of Ag(I) are suggested ( Table  651 2). Regarding the nature of the aggregation process, both SAM-5S and ASTM seem to be 652 similar, but differ in the expression of qualitative characteristics of NOM coating and 653 aggregate size. In contrast, the R2A results in clearly smaller aggregates and Ag + 654 concentrations than the other two TM. Thus, although the characteristics of the Ag NP in 655 R2A are not fully resolved, it seems unquestionable that they differ from those in the other 656 two TM. Generally, under conditions of the investigated TM, the aggregation state of the Ag 657 NP is determined by the Ca 2+ /Mg 2+ ratio and concentration of halide ions in the TM (Table  658 2). 659
In all TM, reaction-limited aggregates are expected, with the consequence that their 660 morphology and stability is sensitive to the TM composition and NP concentration. These 661 aggregates are very small in R2A medium, such that their properties will differ strongly from 662 those of ASTM and SAM-5S. Aggregate types and dynamics are expected comparable 663 between ASTM and SAM-5S medium, but zeta potential, aggregate sizes and NP reaction on 664 the addition of different types of NOM and on the changes in concentration and composition 665 of multivalent cations differs between these two media. Furthermore, the Me 2+ concentration 666 in ASTM is close to its CCC, suggesting starting relevance of diffusion-limitation for 667 aggregation. These differences are mostly due to different initial molar ratios of Ca . 671
With respect to the inorganic constituents relevant for Ag NP dissolution, surface reaction 672 and aggregation, the composition of the SAM-5S resembles that of the Rhine water discussed 673 by Metreveli et al. 23 and suggests that Ag NP aggregates are at least partly stabilized in the 674 presence of Cl -, but with a distinct speciation of Ag(I) in this water. More generally speaking, 675 our results suggest that Ag NP may be only incompletely stabilized by NOM and halides in 676 natural waters, and NOM quality in addition to ion composition will strongly affect the nature 677 of the aggregates forming. Thus, as long as NOM in the natural water is similar to SW, 678 bridging-determined aggregates in that water will have low relevance compared to waters 679 rich in NOM similar to SRHA. 680 
683
Conclusions
684
In summary, not only the composition of the TM but also the Ag NP concentration and the 685 duration of the ecotoxicological and biological studies will significantly affect the 686 aggregation status of Ag NP. This underlines the requirement to carefully interpret dose-687 response relationships and differences in toxicity towards the same organisms, which have 688 been obtained for TM with different composition. In the absence of NOM, the formation of 689 aggregates is controlled by the molar ratio of multivalent cations and by the type of anions. 
